ABSTRACT
Prohibitins are members of a highly conserved eukaryotic protein family containing the stomatin/prohibitin/flotillin/HflK/C (SPFH) domain [also known as the prohibitin (PHB) domain] found in divergent species from prokaryotes to eukaryotes. Prohibitins are found in unicellular eukaryotes, fungi, plants, animals and humans. Prohibitins are ubiquitously expressed and present in multiple cellular compartments including the mitochondria, nucleus, and the plasma membrane, and shuttles between the mitochondria, cytosol and nucleus. Multiple functions have been attributed to the mitochondrial and nuclear prohibitins, including cellular differentiation, anti-proliferation, and morphogenesis. In the present review, we focus on the recent developments in prohibitins research related to folliculogenesis. Based on current research findings, the data suggest that these molecules play important roles in modulating specific responses of granulose cells to follicle stimulating hormone (FSH) by acting at multiple levels of the FSH signal transduction pathway. Understanding the molecular mechanisms by which the intracellular signaling pathways utilize prohibitins in governing folliculogenesis is likely to result in development of strategies to overcome fertility disorders and suppress ovarian cancer growth.
INTRODUCTION
Understanding the mechanisms underlying the growth and development of a competent follicle with the capacity to release a fertilizable oocyte is a major goal of reproductive biology, particularly, since female infertility is clearly a major public health issue. Ovarian granulosa cells (GCs) play an important physiological role in supporting the development and selection of the dominant follicle by controlling oocyte maturation and by producing the steroid hormones, estrogen (E 2 ) and progesterone (P 4 ) that are critical for maintenance of the ovarian cycle. Mammalian ovarian follicular development is tightly regulated by crosstalk between cell death, survival and differentiation signals (1). Studies performed in our laboratory have demonstrated that survival/apoptotic events in GCs are mediated by a family of protein factors known as prohibitin (PHB; B-cell receptor associated protein-32, BAP-32; and prohibitin 2/repressor of estrogen receptor activity, PHB2, REA, BAP-37) (1-6). Based on current research findings, the data suggest that these molecules play important roles in modulating specific responses of GCs to follicle stimulating hormone (FSH) by acting at multiple levels of the FSH signal transduction pathway. Understanding the molecular mechanisms by which the intracellular signaling pathways utilize prohibitins in governing folliculogenesis is likely to result in development of strategies to overcome fertility disorders and suppress ovarian cancer growth. In the last decade, significant progress has been made in analyzing the expression, distribution and in determining the specific roles that the PHB and REA play in mammalian reproductive physiology. In the present review, we summarize some of the recent developments in PHB and REA research related to folliculogenesis.
PROHIBITINS
Prohibitins are members of an extensive evolutionarily conserved family of proteins which includes stomatins, plasma membrane proteins of Escherichia coli (HflKC), flotillins, the human insulin receptor (HIR) proteins and plant defense proteins (7) . Two highly homologous members of prohibitins expressed in eukaryotes are PHB and REA. Although, initially associated with inhibition of cell proliferation, (hence the name "prohibitin"), PHB and REA appear to have an increasing array of functional roles (8) . In humans, the PHB gene (hPhb) maps to chromosome 17q21.1 and spans ~11 kb with 7 exons (9). The human and rodent Phb genes are similar except for introns 2 and 3, which are approximately 1 kb larger in the rat gene (10) . The human and rodent Phb gene encode approximately 30 kDa proteins that have a single amino acid difference (Figure 1) (8) . The human Phb2 (11, 12) is located on chromosome 12p13 (13) and spans approximately 5.3 kb with 10 exons, have smaller introns than Phb, and codes a protein of ~37 kDa (Figure 1) . The PHB and REA proteins are 54% homologous (8) and found associated in a high molecular weight regulatory complex (14) (15) (16) (17) (18) (19) (20) (21) . Orthologues of the prohibitin gene have been identified in several organisms including bacteria (23) (24) (25) , plants (26, 27) , Trypanosoma brucei (28) , yeast (29) (30) (31) , and Drosophila (32) . While studies have shown that PHB and REA null yeast strains have reduced lifespan, it appears that higher eukaryotes are more dependent upon expression of their Phb and Phb2 genes, suggesting enhanced biological functions. The Phb orthologues in Drosophila are essential for normal development and differentiation during larvae to pupae metamorphosis (32) . Genetic deletion of the Phb and Phb2/REA genes in mice are lethal before embryonic day 6.5, however, heterozygous mice show no appreciable defects in fertility (33) , implying that these proteins play a critical role in the early stages of development in vertebrates. Furthermore, in C. elegans, Phb is required for differentiation in the larval gonad (34) , indicating that both PHB and REA play essential reproductive roles that have yet to be elucidated.
GONADOTROPINS SYNERGIZE WITH ANDROGENS IN INDUCTION OF PROHIBITINS
The gonadotropins, FSH and luteinizing hormone (LH) play critical and complementary roles in the control of mammalian reproduction. In female mammals, FSH stimulates ovarian follicle growth and maturation, as well as E 2 synthesis by GCs, whereas LH stimulates androgen production by theca cells and ovulation of the dominant follicle(s). The entire differentiation paradigm induced by FSH receptor activation in GCs in the intact animal can be duplicated by culturing primary GCs in the presence of FSH on an extracellular matrix under serumfree tissue culture conditions that mimick the avascular milieu within the follicle (35) . Addition of FSH with testosterone (T) to rat GCs initiates a differentiation program which is completed within 48-72h (35) . Our laboratory has taken advantage of these "physiological" culture conditions and has utilized a proteomic approach to identify and characterize PHB as a 28 kDa intracellular protein (p28) that is expressed during differentiation of rat GCs from preantral and early antral follicles (2-5). We have also demonstrated that increased PHB expression occurs during the transitional stages of rat ovarian follicular differentiation and have shown that PHB expression in GCs is not uniform across all stages of follicular development in vivo. These experimental observations suggest that PHB may be involved in GC proliferation as well as differentiation depending on the intensity of PHB signaling.
SUBCELLULAR LOCALIZATION OF PROHIBITINS
PHB and REA are present in multiple cellular compartments, suggesting that they play additional roles to those of chaperone proteins in the mitochondria (8, 16, 17) , and their ability to target to lipid rafts. There is compelling evidence showing that both PHB and REA are localized in the nucleus and can modulate transcriptional activity by interacting with various transcription factors, either directly or through their interactions with chromatin remodeling proteins (18) (19) (20) (21) (22) . In support of the above findings, recently published data have shown that both PHB and REA are located in both the mitochondria and nucleus of rat GCs (4,6,36, Figure 2 ).
Experimental studies on the expression and distribution pattern of PHB and REA in various reproductive tissues of different species are limited and have been restricted to mice, rats, pigs and humans (8) . Distinct differences in PHB and REA levels have been observed during mammalian folliculogenesis.
Immunolocalization of PHB in rat ovarian sections showed that PHB is expressed differentially in GCs, theca interstitial cells and the oocyte (4). As follicles develop toward early or large antral stages, the theca-interstitial cells show more intense PHB expression, whereas, a varying pattern of PHB was observed in the GCs of early and large antral follicles. Interestingly, not all GCs from early antral follicle expressed PHB (4). Additionally, PHB was readily detectable in normal germinal vesicle (GV)-stage oocytes, albeit at low levels. A distinct, speckled pattern of PHB immunoreactivity was detected in the GVstage oocytes that also showed abnormal condensation of chromatin, suggestive of atresia. Association of PHB with oocyte chromatin was not seen in metaphase II oocytes after in vitro or in vivo maturation. Similarly, neither the male nor the female pronuclei of zygotes fertilized in vitro displayed significant PHB immunoreactivity. However, the zygotes and embryos arrested at the 2-cell stage after the apoptosis-inducing heat shock treatment displayed the pattern of nuclear PHB accumulation similar to that seen in defective GV-stage oocytes. This nuclear expression pattern was more pronounced in the embryos that failed to develop normally after nulcear tranfer (NT). In contrast, low levels of nuclear immunoreactivity were observed in embryos that reached the blastocyst stage at Day 5-6 after NT or in vitro fertilization and displayed an acceptable morphology (4). Furthermore, in studies performed on rat testes, there is a pattern of strong expression for the Phb gene in the adult Leydig and Sertoli cells (37) . In contrast, the PHB is not detected in rat spermatogonia and spermatocytes undergoing mitotic and meiotic divisions (37) .
In contrast to Phb gene expression, only few studies have been performed to analyze the expression and distribution pattern of REA in reproductive tissues of humans and rodents, and non-mammalian species (38) . Recently published reports have shown the expression of REA in mouse uteri and rainbow trout (Oncoryncus mykiss) eggs, suggesting the possibility that REA may play a fundamental role in these developmental processes (38, 39) . In fact, REA mRNA and protein levels in uteri of heterozygous animals were half that of the wild type, and studies with heterozygous animals revealed a greater uterine weight gain and epithelial hyperproliferation in response to E 2 and a substantially greater stimulation by E 2 of a number of estrogen up-regulated genes in the uterus (39).
Subcellular fractionation of rat ovarian GCs followed by two-dimensional (2-D) Western blot analyses performed in our laboratory showed that PHB is present as two isoforms (2,4,6). In the mitochondrial fraction, two PHB 30-kDa protein spots were detected with isoelectric points of 5.6 and 5.8, whereas only one 30-kDa protein spot with an isoelectric point of 5.8 was observed in the nuclear fraction. Interestingly, no detectable spots were identified in the cytosolic fraction in FSH and FSH + T stimulated GCs (2,4,6).
ROLE OF PROHIBITINS IN THE INHIBITION OF CELL PROLIFERATION
Cell proliferation in the ovary is critical for sustaining ovarian function since the release of germ cells (oocytes) and production of hormones are required for reproduction. During the development of oocytes, folliculogenesis is accompanied by significant proliferation that deletion of REA leads to the loss of both PHB and REA proteins and impairs cell proliferation of mouse embryonic fibroblasts (MEFs) (40) . These studies suggest that prohibitins are required for the balance between proliferation vs differentiation, but whether similar molecular mechanisms exist in GCs is not currently known (18, 19, 41) .
ROLE OF PROHIBITINS IN DIFFERENTIATION
Studies from our laboratory have demonstrated that the increased expression of PHB that occurs during follicular development (3,4) correlates with GC differentiation and changes in mitochondrial structure and function (4-6). We found that PHB expression in ovarian tissue is age-and stage-regulated, suggesting a growth regulatory role for PHB in the ovary (3,4). PHB expression which is associated with differentiation, is up-regulated by gonadotropins, and is low during GC proliferation. In order to study the specific roles that the prohibitins play in GC differentiation, we employed adenoviral-mediated RNA interference methodology to knock-down endogenous prohibitins expression in the GC cells. Interestingly, although the small hairpin RNAs (shRNAs) were specific for PHB and REA as evidenced from the lack of effect of each on the mRNA levels of the other gene ( Figure 3A) , the protein levels ( Figure 3B ) of both REA and PHB were reduced by either shPhb or shREA, respectively. This observation is consistent with previous reports indicating that these two proteins are in a complex and that their respective levels/stability are interdependent as was evident in HeLa cells, human T cells, breast tissue, yeast and C. elegans since depletion of either one decreases the protein levels of the other (8, 19) . We found that shRNA treated GCs changed their shape from polygonal to elongated, when compared to the control ( Figure 3C ) suggesting that shRNA-mediated interference of PHB and/or REA inhibit GC differentiation. Our experimental observation indicates that PHB up-regulation in GCs treated with FSH+T is required to sustain the differentiation state. Taken together, the above observations and our results suggest that PHB is a critical intracellular mediator in GC differentiation. 8) . When the respective protein fractions of mitochondria and nucleus are incubated with alkaline phosphatase, the acidic mitochondrial isoform (isoelectric point 5.6) completely disappears. These results suggest that PHB within the mitochondrial fraction is phosphorylated (2,6). Recently, our studies have shown that when GCs are cultured in presence of FSH plus T, PHB phosphorylation was not inhibited by phosphoinositide 3-kinases (PI3Ks) inhibitor (LY294002) and protein kinase A (PKA) inhibitor (H89) suggesting that PHB is not a substrate for PKB/AKT or PKA under these experimental conditions. Moreover, using the selective p38MAPK (SB203580) and MEK1 (PD98059) inhibitor revealed that PHB is a likely substrate for MEK1 and possibly for p38MAPK during GC differentiation. However, the identification of the site of phosphorylation on PHB and REA during GC differentiation has not been determined. PHB/Raf interactions have been reported to be essential for activation of the pathway (43) . In support of this observation, we have consistently observed that, depletion of PHB had a negative impact on FSH-induced phosphorylation of ERK1/2 without changes in its protein expression levels. These studies show that, in addition to PHB being required for MEK1 activity, PHB is also a potential target of MEK1, suggesting that a possible novel regulatory loop is activated during GC differentiation mediated by PHB that affects the Ras-Raf-MEK1-ERK1/2 pathway. These novel findings indicate that there is a mutual hierarchical relationship between PHB and the RasRaf-MEK1-ERK1/2 pathway. Studies have shown that PHB plays an indispensable role in the activation of the Ras-Raf-MEK-ERK pathway (43) . Direct interaction with PHB is required for c-Raf activation, moreover, c-Raf kinase fails to interact with the active Ras induced by epidermal growth factor (EGF) in the absence of PHB. These studies strongly support the notion that transcription and translation of prohibitins are hormonally dependent in the ovary. The hormone dependent expression of PHB has also been demonstrated in other non-reproductive tissues (44) . Nonetheless, the physiological roles that PHB Figure 3 . PHB and REA form a complex in primary GCs treated with FSH+T and their stability is interdependent. A. GCs were infected with Ad-scrambled (control), Ad-shPHB-GFP or Ad-shREA-GFP vectors (MOI=10) for 48h and the media replaced with serum-free medium for 24h. Semiquantitative RT-PCR revealed that PHB and REA mRNAs expression levels were efficiently and significantly reduced when compared to the scrambled control group. B. Forty-eight hours after infections as above, GCs were treated with FSH+T for 24h. Cell lysates (30 micro gram) were subjected to 12% SDS-PAGE and Western blot analysis with antibodies directed toward PHB, REA, and cyclophilin A as indicated. C. Live cell photographs taken under an inverted microscope uncovered that down-regulation of PHB in the presence of FSH+T results in a change from a polygonal to elongated morphology of GCs indicative of proliferation. Results are representative of 3 independent experiments. isoforms play in GCs, and their detailed and relative subcellular localization as well as differential association to potential partners remain unknown. For instance, it is possible that the acidic isoform of the protein could well be the active form responsible for up-regulation of MEK/ERK activity in a feed-forward loop that will ensure potentiation of the signal during differentiation.
PROHIBITINS PHOSPHORYLATION IN CELL DIFFERENTAITION
Our original experimental observation in 1997 suggested that PHB is phosporylated in GCs under in vitro physiological conditions, however, further studies to determine how PHB phosphorylation is regulated in GC have not been performed until recently (2,
ROLE OF PROHIBITINS IN CELL APOPTOSIS AND ATRESIA
Only a small number of the primordial follicles present at birth in the mammalian ovary will reach the ovulatory stage, while the rest will succumb to follicular atresia. Follicular atresia is mediated by apoptosis, which initially starts in the GCs layer (45, 46) , followed by apoptosis of the theca cells (47) . Ovarian follicular atresia is induced by activation of both the extrinsic (death receptor) and intrinsic (mitochondrial) pathways in GCs (47) . The intrinsic pathway is activated within the cell, and is characterized by the permeabilization of the outer mitochondrial membrane (OMM) resulting in the release of pro-apoptotic factors, such as cytochrome c, Smac, and Omi, to the cytosol and loss of mitochondrial function (48) . Published studies have demonstrated that Caspase-3 content is very high in the atretic preovulatory follicular GCs (45, 49) . However, follicles isolated from caspase-3 null ovaries do not show GCs apoptosis in response to serum starvation, suggesting that caspase-3 is the effector caspase in this process, and its activation leads to the final stages of cellular death (49) .
From our recent studies (6) it appears that the action of PHB in GCs is dependent on the stage of differentiation. For instance, infection of undifferentiated GCs isolated from preantral follicles with a Phb adenoviral construct resulted in over-expression of PHB that markedly attenuated ceramide-, staurosporine (STS)-, campothecineand serum withdrawal-induced apoptosis via the intrinsic apoptotic pathway (6; our unpublished data). Furthermore, we confirmed that over-expression of PHB maintained the mitochondrial transmembrane potential by inhibiting cytochrome c release and activation of caspase-3 (6). Moreover, over-expression of PHB in undifferentaited GCs isolated from preantral follicle delayed accelerated apoptosis by enhancing the transcription and translation of anti-apoptotic genes (Bcl2, Bclxl) in STS induced GCs. In contrast, silencing of PHB expression by adenoviral small interfering RNA (shRNA) or inhibiting ERK phosphorylation through MEK, sensitized GCs to STSinduced apoptosis (6, 36) . These studies indicate that PHB acts as a survival factor by regulating anti-apoptotic gene expression in ovarian preantral GCs. However, whether similar mechanism(s) exist in preovulatory GCs need further investigation.
Additionally, prohibitins regulate the morphology of mitochondria during apoptosis. Abnormal mitochondria accumulate in the nematode Caenorhabditis elegans after RNA-interference (RNAi)-mediated depletion of prohibitins (34) . A similar observation was made in prohibitin-deficient yeast cells (29, 50, 51) . In mammalian cells RNAi-mediated knockdown of either PHB or REA/PHB2 expression in HeLa cells or GCs resulted in fragmentation of the mitochondrial network (52, Chowdhury et al., unpublished data) .
In addition, fragmented mitochondria were also observed in prohibitindeficient mouse embryonic fibroblasts (MEFs), which suggests that fusion of mitochondrial membranes are impaired in the absence of prohibitins (53, Chowdhury et al., unpublished data). Furthermore, prohibitins are required for cristae morphogenesis, as revealed by an ultrastructural analysis of mitochondria in prohibitin-deficient MEFs (53) . Disrupted cristae morphology might facilitate the release of cytochrome c from the intracristal space, thereby explaining the increased sensitivity of prohibitin-deficient MEFs or GCs to apoptotic stimuli.
The aberrant mitochondrial morphology observed in the absence of prohibitins can be explained by an altered processing of OPA1 (53), a large dynamin-like GTPase found in the mitochondrial intermembrane space (IMS) that regulates both mitochondrial fusion and cristae morphogenesis (54) . Mutations in OPA1 gene cause degeneration of retinal ganglion cells in autosomal dominant optic atrophy (55, 56) . Proteolytic processing of OPA1 splice variants, which are expressed in a tissuespecific manner (57, 58) , results in the accumulation of long and short OPA1 isoforms (58) (59) (60) . Normal mitochondrial fusion depends on expression of both long and short OPA1 isoforms (59, 61) . Indeed, ectopic expression of a noncleavable long OPA1 isoform was able to restore tubular mitochondrial network, cristae morphogenesis and apoptotic resistance in Phb2 -/-MEFs (53). Similar results were found when PHB was ectopically expressed in STS treated GCs (Chowdhury et al., unpublished data) . These experiments confirm that interactions between OPA1 and prohibitins are likely the key events that govern the stabilization of mitochondria in GCs. Yet, the exact mechanisms by which prohibitins affect OPA1 processing in GCs remain to be determined.
FUTURE DIRECTIONS
Folliculogenesis is essential for providing both oocytes and the steroid hormones necessary for female physical development and reproduction. Failure in the normal processes of folliculogenesis is the major reason for ovarian dysfunction and fertility impairment in women. Dysfuntional folliculogenesis translates into several clinically relevant outcomes, for instance, polycystic ovarian syndrome (PCOS), premature ovarian failure, or complications from ensuing hormonal imbalances. It is also related to normal ageing and complications of menopause. Furthermore, in the clinical setting, folliculogenesis is a target in fertility interventions (control of ovulation, treatment of anovulatory conditions and in vitro fertilization, IVF).
While the initial stages of folliculogenesis are independent of gonadotropic hormones, antral follicles become responsive to and then dependent on FSH. We identified PHB as a potential mediator of FSH stimulation of GCs, and therefore of normal folliculogenesis, probably acting as a "molecular switch" between proliferation and differentiation. Despite advances in the application of novel molecular techniques and approaches, our grasp of the molecular action of prohibitins and its complexes in reproduction is still poorly understood, and many questions still remain to be answered. Prohibitins exist as both phosphorylated (acidic) and unphosphorylated (basic) forms (2,6), and they can differentially localize to a number of subcellular compartments, thus alluding to the multifunctional nature of these proteins. Among the questions to be addressed by future research: Does the "phosphorylation state" result in conformational changes in the prohibitins? Does it determine their subcellular localization and/or association with partners, thus regulating their activity? Which are the pathways responsible for prohibitin phosphorylation in response to different stimuli?, Since analyses of the PHB and PHB2/REA protein sequences reveal the presence of multiple kinase consensus sequences, which kinases are responsible for prohibitins phosphorylation in response to different stimuli (6,8, (63) . To further our current understanding of the role of PHB in follicle development, it will be necessary to identify the factors regulating PHB expression and/or function in the follicle and ovary. It appears that PHB plays various roles at different stages of follicle development. Moreover, it is important to fully elucidate the funtions of prohibitins in controlling the fate of the follicular cells (pro-vs anti-apoptotic), and thus the destiny of the follicle (growth, differentiation, or atresia), particularly in follicles which do not rely on gonadotropin stimulation.
On the structural level, further investigations are required to determine whether prohibitins form complexes in the inner mitochondrial membrane (IMM) and whether prohibitins complexes regulate proliferation and differentiation of GCs by interacting with other proteins. Are these interactions with mitochondrial hydrophilic/hydrophobic proteins or nuclear-encoded protein substrates? Are prohibitins antiproliferative, antiestrogen receptor (ER) or anti-androgen receptor (AR) actions converging or independent effects? The availability of techniques to manipulate the expression of PHB and PHB2/REA genes by forced expression or silencing at specific stages of cellular growth, development and differentiation in diverse physiological environments or in pathological conditions, would permit more comprehensive studies aimed at defining the critical role that prohibitins play in folliculogenesis. Although some published data has emerged regarding the functional role of prohibitins in other cell types, little is currently known about their normal role in proliferation and differentiation of GCs. Further studies to elucidate the interactions that prohibitins have with other intracellular and extracellular factors will provide new insights and clarify the roles that prohibitins play in diverse cellular activities regulating folliculogenesis.
CONCLUSIONS
At present, we are just beginning to understand the critical roles that PHB and REA play in follicular development and regulation of ovarian function. However, a number of basic questions still remain to be answered, although current knowledge indicates that PHB is involved in regulating the fate of GCs, a fundamentally important finding that underscores the significance of elucidating prohibitin's role in ovarian function. The studies on the prohibitins performed so far suggest that these gene products may function as a "molecular switch" that control cell fate and, in particular, that of the GCs and thereby determine the progress of follicular development in the ovary (Figure 4) .
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